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Interstitial myofibroblasts are �-smooth muscle actin-
positive cells that play a crucial role in the accumula-
tion of excess extracellular matrix during renal inter-
stitial fibrogenesis. Despite their importance in the
pathogenesis of renal fibrosis, relatively little is
known about the regulators and the mechanism con-
trolling the activation of renal interstitial myofibro-
blasts in disease conditions. Here, we show that he-
patocyte growth factor (HGF) acts as a potent
inhibitor of the transforming growth factor (TGF)-�1-
mediated myofibroblastic activation from normal rat
renal interstitial fibroblasts (NRK-49F). Simultaneous
incubation of HGF abolished TGF-�1-induced de novo
�-smooth muscle actin expression, F-actin reorgani-
zation, and interstitial collagen I overproduction in a
dose-dependent manner. To decipher the mechanism
underlying HGF antagonizing TGF-�1’s action, we ex-
amined the effects of HGF on TGF-�1-mediated Smad
signaling. HGF neither inhibited Smad-2/3 phosphor-
ylation and their association with Smad-4 induced by
TGF-�1, nor significantly affected inhibitory Smad-6
and -7 expression and cellular abundance of Smad
transcriptional co-repressors in NRK-49F cells. How-
ever, pretreatment with HGF markedly attenuated ac-
tivated Smad-2/3 nuclear translocation and accumu-
lation. This action of HGF was apparently dependent
on HGF-mediated extracellular signal-regulated kinase-1
and -2 (Erk-1/2) phosphorylation and activation. Inhi-
bition of Erk-1/2 activation by Mek kinase inhibitor
PD98059 restored TGF-�1-mediated Smad-2/3 nuclear
accumulation and myofibroblast activation. In vivo,
HGF selectively blocked Smad-2/3 nuclear accumulation
in renal interstitial cells in the fibrotic kidneys induced
by unilateral ureteral obstruction. Therefore, HGF sup-
presses TGF-�1-mediated renal interstitial myofibro-
blastic activation; and this action of HGF is likely related
to a mitogen-activated protein kinase-dependent block-
ade of Smad nuclear translocation. (Am J Pathol 2003,
163:621–632)

Interstitial myofibroblasts, characterized by �-smooth
muscle actin (�-SMA) expression, are a unique cell pop-
ulation that is primarily responsible for the overproduction
and deposition of interstitial matrix as seen in the fibrotic
kidneys.1–3 In response to injurious stimuli, appropriate
activation of fibroblasts is necessary and perhaps impor-
tant for tissue repair and wound healing. However, dys-
regulation of myofibroblastic activation after persistent,
chronic renal injury could instigate excess accumulation
of extracellular matrix that ultimately leads to interstitial
scarring and end-stage renal failure.2,4–6 Because inter-
stitial myofibroblasts are virtually absent in normal kidney,
their activation is possibly one of the decisive events in
the pathogenesis of progressive renal fibrotic diseas-
es.2,7,8 In this regard, myofibroblastic activation is often
considered as a reliable predictor for the progression
and prognosis of chronic renal insufficiency in a variety of
experimental animal models and in patients.5,9,10

Although it is widely accepted that myofibroblastic
activation plays a critical role in the progression of renal
fibrotic lesions and dysfunctions, relatively little is known
about the factors and the underlying mechanisms that
regulate its activation in the diseased kidneys. Several
lines of evidence suggest a critical role of peptide growth
factors in the regulation of myofibroblastic activa-
tion.3,11–13 For instance, transforming growth factor
(TGF)-�1 has been demonstrated to activate fibroblast
cells to become myofibroblasts and to produce large
amount of matrix proteins.14–17 This observation is con-
sistent with in vivo studies showing that TGF-�1 is impli-
cated in tissue fibrogenesis in a variety of organs after
chronic injury.18,19 Blockage of TGF-�1 signaling,
through various manipulations, prevents myofibroblastic
activation and consequently mitigates renal interstitial fi-
brosis.20–22 However, despite TGF-�1 being recognized
as a positive regulator of myofibroblasts, factors with
negative regulation of myofibroblastic activation remain
poorly defined.
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Earlier studies in our laboratory have identified hepa-
tocyte growth factor (HGF) as a potent inhibitor of myo-
fibroblastic transdifferentiation from tubular epithelial
cells triggered by TGF-�1.11,23 In accordance with this,
administration of HGF protein or its gene prevents renal
interstitial fibrosis in numerous animal models of renal
diseases.24–27 These observations suggest that HGF is
an anti-fibrotic factor that counteracts profibrotic TGF-�1
actions in tubular epithelial cells, in which HGF receptor,
c-met, is abundantly expressed.28,29 Nonetheless, it re-
mains unknown whether HGF also suppresses myofibro-
blastic activation from interstitial fibroblast cells; and if so,
what mechanism accounts for HGF’s action.

In the present study, we demonstrate that HGF mark-
edly blocks TGF-�1-mediated myofibroblastic activation
of renal interstitial fibroblasts. The action of HGF is likely
related to the blockade of nuclear translocation and ac-
cumulation of activated Smad-2/3 protein triggered by
TGF-�1. Our results indicate that HGF specifically antag-
onizes the profibrotic action of TGF-�1 in interstitial fibro-
blasts in a mitogen-activated protein kinase-dependent
manner.

Materials and Methods

Antibodies and Reagents

The mouse monoclonal anti-�-SMA (clone 1A4), anti-
vimentin (clone V9), and rabbit polyclonal anti-extracellular
signal-regulated kinase-1 and -2 (Erk-1/2) were purchased
from Sigma (St. Louis, MO). The phospho-specific Erk-1/2
antibody was obtained from Cell Signaling Technology, Inc.
(Beverly, MA). The phospho-specific Smad-2 antibody as
well as total Smad-2 antibody was purchased from Upstate
(Charlottesville, VA). Rabbit anti-phosphoserine antibody
was obtained from Zymed Laboratories Inc. (South San
Francisco, CA). The goat polyclonal anti-Type I collagen
antibody was obtained from Southern Biotechnology Asso-
ciates, Inc. (Birmingham, AL). The anti-Smad-7 (sc-7004),
anti-Smad-6 (sc-13048), anti-Smad-4 (sc-7066), anti-Smad-
2/3 (sc-6032), anti-Sp1 (sc-420), anti-c-Ski (sc-9140), anti-
SnoN (sc-9595), anti-TGIF (sc-9826), and anti-actin (sc-
1616) antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Affinity-purified sec-
ondary antibodies were purchased from Jackson Immu-
noResearch Laboratories, Inc. (West Grove, PA). Recombi-
nant human TGF-�1, epidermal growth factor (EGF), insulin-
like growth factor-I, platelet-derived growth factor, and
monocyte chemotactic protein-1 were purchased from R &
D Systems (Minneapolis, MN). Recombinant human HGF
protein was provided by Genentech Inc. (South San Fran-
cisco, CA). PD98059 (Mek inhibitor), myristoylated protein
kinase A inhibitor (PKAI) and Ro-31-8220 (PKC inhibitor)
were purchased from Calbiochem (La Jolla, CA). Cell cul-
ture media, fetal bovine serum, and supplements were ob-
tained from Life Technologies, Inc. (Grand Island, NY). All
other chemicals were of analytic grade and were obtained
from Sigma or Fisher {Pittsburgh, PA) unless otherwise in-
dicated.

Cell Culture and Treatment

Normal rat kidney interstitial fibroblast cells (NRK-49F)
and human embryonic kidney 293 (HEK-293) cells were
obtained from American Type Culture Collection (Manas-
sas, VA). Cells were maintained in Dulbecco’s modified
Eagle’s medium/F12 medium supplemented with 10%
fetal bovine serum. The NRK-49F cells were seeded on
six-well culture plates to �60 to 70% confluence in the
complete medium containing 10% fetal bovine serum for
16 hours, and then changed to serum-free medium after
washing twice with medium. Recombinant human
TGF-�1 was added to the culture at a final concentration
of 2 ng per ml except as otherwise indicated. For dose-
dependent studies, TGF-�1 was used at the concentra-
tions of 0.01, 0.05, 0.1, 0.5, 1, and 5 ng/ml, respectively.
Recombinant human HGF was also added at the same
time at the concentration as indicated. For some experi-
ments, the cells were incubated with vehicle (phosphate-
buffered saline, PBS) or 0.2 nmol/L of various cytokines.
The cells were typically incubated for 48 hours after
addition of cytokines except when indicated otherwise,
before harvesting and subjecting to Western blot or im-
munofluorescence staining, respectively.

Western Blot Analysis

NRK-49F cells and cytokine-treated cells were lysed with
sodium dodecyl sulfate (SDS) sample buffer (62.5
mmol/L Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50
mmol/L dithiothreitol, and 0.1% bromphenol blue). Sam-
ples were heated at 100°C for �5 to 10 minutes before
loading and separated on precasted 10% or 5% SDS-
polyacrylamide gels (Bio-Rad, Hercules, CA). The pro-
teins were electrotransferred to a nitrocellulose mem-
brane (Amersham, Arlington Heights, IL) in transfer buffer
containing 48 mmol/L Tris-HCl, 39 mmol/L glycine,
0.037% SDS, and 20% methanol at 4°C for 1 hour. Non-
specific binding to the membrane was blocked for 1 hour
at room temperature with 5% Carnation nonfat milk in TBS
buffer (20 mmol/L Tris-HCl, 150 mmol/L NaCl, and 0.1%
Tween 20). The membranes were then incubated for 16
hours at 4°C with various primary antibodies in blocking
buffer containing 5% milk at the dilutions specified by the
manufacturers. After extensive washing in TBS buffer, the
membranes were then incubated with horseradish per-
oxidase-conjugated secondary antibody (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA) for 1
hour at room temperature in 5% nonfat milk dissolved in
TBS. Membranes were then washed with TBS buffer and
the signals were visualized using the enhanced chemilu-
minescence system (ECL, Amersham), as described pre-
viously.23

Immunofluorescence Staining

Indirect immunofluorescence staining was performed us-
ing an established procedure.23,30 Briefly, control or cy-
tokine-treated NRK-49F cells cultured on coverslips were
washed with cold PBS twice, and fixed with cold meth-
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anol:acetone (1:1) for 10 minutes at �20°C. After exten-
sive washing with PBS containing 0.5% bovine serum
albumin for three times, the cells were blocked with 20%
normal donkey serum in PBS buffer for 30 minutes at
room temperature, and then incubated with the specific
primary antibodies described above. For immunostaining
of Smad-2/3 protein, NRK-49F cells after various treat-
ments were fixed with 4% paraformaldehyde at 4°C for 20
minutes, followed by permeabilization with PBS contain-
ing 0.2% Triton X-100 at room temperature for 30 min-
utes. The slides were blocked with 1% horse serum and
0.15% glycine in PBS for 30 minutes at room temperature.
The primary anti-Smad-2/3 antibody was added at the dilu-
tion of 1:500, followed by incubation at 4°C for 16 hours. To
visualize the primary antibodies, cells were stained with
fluorescein isothiocyanate-conjugated secondary antibod-
ies (Jackson ImmunoResearch Laboratories). For visualiz-
ing F-actin, cells were stained with tetramethyl-rhodamine
isothiocyanate-conjugated phalloidin (Sigma). For some
samples, cells were double-stained with 4�,6-diamidino-2-
phenylindole, HCl, to visualize the nuclei. Stained cells were
mounted with anti-fade mounting medium (Vector Labora-
tories, Burlingame, CA) and viewed with a Nikon Eclipse
E600 Epi-fluorescence microscope equipped with a digital
camera (Nikon, Melville, NY).

Nuclear Protein Extraction

NRK-49F fibroblast cells were subjected to various treat-
ments with different cytokines for 30 minutes except
where otherwise indicated. For HGF blockage of TGF-�1
signaling, cells were treated with 40 ng/ml of HGF 30
minutes before addition of 2 ng/ml of TGF-�1. Likewise,
for blocking HGF-triggered Erk1/2 activation, cells were
pretreated with 10 �mol/L of PD98059 30 minutes before
HGF treatment. Cell nuclei were isolated by procedures
described previously.31 Briefly, cells were washed with
cold PBS and scraped off the plate with a rubber police-
man. Cells were collected by centrifugation and cell pel-
lets were resuspended in 4 vol of buffer A containing 20
mmol/L Hepes, pH 7.9, 0.5 mol/L sucrose, 1.5 mmol/L
NaCl, 60 mmol/L KCl, 0.15 mmol/L spermidine, 0.5
mmol/L spermine, 0.5 mmol/L ethylenediaminetetraacetic
acid, 1 mmol/L dithiothreitol, 0.2 mmol/L phenylmethyl
sulfonyl fluoride, plus 5 �g/ml of leupeptin, soybean tryp-
sin inhibitor, antipain, and chymostatin. An equal volume
of buffer A containing 0.6% Nonidet P-40 was added with
gentle mixing to lyse the cells. Immediately after lysis, the
solution was diluted with 8 vol of buffer A, and the integ-
rity of cell nuclei were examined under microscope. After
being collected by centrifugation at 5000 � g for 30
minutes at 4°C, the nuclei were lysed with SDS sample
buffer and subjected to Western blot analysis as de-
scribed above.

Immunoprecipitation

Immunoprecipitation was performed essentially accord-
ing to the procedures described previously.32–34 NRK-
49F cells grown on a 100-mm plate were lysed on ice in

1 ml of RIPA buffer containing 1� PBS, 1% Nonidet P-40,
0.1% SDS, 10 �g/ml phenylmethyl sulfonyl fluoride, 1
mmol/L sodium orthovanadate, and 1% protease inhibi-
tors cocktail (Sigma). Whole cell lysates were clarified by
centrifugation at 12,000 � g for 10 minutes at 4°C and the
supernatants were transferred into a fresh tube. To pre-
clear cell lysates, 0.25 �g of normal rabbit IgG and 20 �l
of protein A/G Plus-Agarose (Santa Cruz) were added
into 1 ml of whole cell lysates. After incubation for 1 hour
at 4°C, supernatants were collected by centrifugation at
1000 � g for 5 minutes at 4°C. Lysates were immunopre-
cipitated overnight at 4°C with 1 �g of anti-Smad-2/3,
followed by precipitation with 20 �l of protein A/G Plus-
Agarose for 3 hours at 4°C. After four washes with RIPA
buffer, the immunoprecipitates were boiled for 5 minutes
in SDS sample buffer. The resulting precipitated com-
plexes were separated on SDS-polyacrylamide gels and
blotted with anti-Smad-4, anti-phosphoserine, and anti-
Smad2/3, respectively, as described above.

Animal Model

To study the effects of HGF on Smad nuclear accumula-
tion in renal interstitial cells in vivo, indirect immunofluo-
rescence staining was performed on the cryosections of
the fibrotic kidneys induced by unilateral ureteral ob-
struction (UUO), as described previously.27 Male CD-1
mice weighing at �18 to 22 g were purchased from
Harlan Sprague Dawley (Indianapolis, IN). UUO was per-
formed using an established procedure.27 The recombi-
nant human HGF expression plasmid (pCMV-HGF) and
the empty expression plasmid vector (pcDNA3) were
administrated into mice by rapid injection of naked plas-
mid solution through the tail vein, as previously de-
scribed.27 Mice were injected with plasmids before (day
�1) and after (day 3) UUO, respectively. Groups of mice
(n � 5) were sacrificed at 7 days after UUO and the
kidneys were removed. Kidney cryosections were immu-
nostained for Smad-2/3 as described above. For distin-
guishing the tubular versus interstitial compartments,
cryosections were also stained with fluorescein-conju-
gated lectin from Tetragonolobus purpureas (Sigma) for
localizing the proximal tubules. Cell nuclei were visual-
ized by staining with 4�,6-diamidino-2-phenylindole.
Stained sections were mounted with anti-fade mounting
medium and viewed with a Nikon Eclipse E600 Epi-fluo-
rescence microscope. The Smad-2/3-positive nuclei
were counted in the interstitial regions and expressed as
percentages of Smad-positive nuclei per total nuclei,
which were determined on five nonoverlapping cortical
fields per mouse, five mice per group.

Statistical Analysis

All data examined were expressed as mean � SE. Sta-
tistical analysis of the data were performed using SigmaStat
software (Jandel Scientific, San Rafael CA). Comparison
between groups was made using one-way analysis of vari-
ance followed by Student-Newman-Keuls test. A P value of
less than 0.05 was considered to be statistically significant.
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Results

HGF Abrogates TGF-�1-Induced
Myofibroblastic Activation

Because �-SMA expression is the hallmark for myofibro-
blasts, we investigated the myofibroblastic activation
from renal interstitial fibroblast cells by examining the
�-SMA protein expression after incubation with various
agents. As shown in Figure 1, among numerous agents
tested, only TGF-�1 markedly induced de novo �-SMA
expression in renal interstitial fibroblast NRK-49F cells.
Other cytokines at the same molar concentration (0.2
nmol/L) failed to induce �-SMA expression after 2 days of
incubation (Figure 1A). The induction of �-SMA by
TGF-�1 in renal interstitial fibroblasts occurred in a dose-
dependent manner. Appreciable induction of �-SMA ex-
pression was observed when TGF-�1 was added at a
concentration as low as 0.5 ng/ml (Figure 1B). These
results suggest that TGF-�1 is a potent profibrogenic
cytokine capable of inducing myofibroblastic activation
from renal interstitial fibroblasts in vitro.

Because HGF has been demonstrated to possess anti-
fibrotic activities in vivo,11,23 we reasoned whether HGF
blocks myofibroblastic activation from renal interstitial fi-
broblasts. As shown in Figure 2, incubation of NRK-49F
cells with HGF alone did not affect �-SMA expression.
However, simultaneous incubation of NRK-49F cells with
HGF dramatically repressed TGF-�1-initiated �-SMA ex-

pression in a dose-dependent manner (Figure 2A). At the
concentration of 40 ng/ml (�0.42 nmol/L), HGF almost
completely abolished the �-SMA expression induced by
2 ng/ml (�0.16 nmol/L) of TGF-�1. This result was inde-
pendently confirmed by an indirect immunofluorescence
staining for �-SMA in NRK-49F cells. As shown in Figure
2C, TGF-�1 induced de novo expression of �-SMA that
was assembled into abundant �-SMA-positive microfila-
ment fibers in the cytoplasm of NRK-49F cells. Simulta-
neous incubation with HGF primarily abolished the
�-SMA staining induced by TGF-�1 (Figure 2E). Figure
2F shows the percentages of �-SMA-positive cells after
various treatments. Of note, the difference in �-SMA ex-
pression appears not because of an altered cell density
after different treatments, because neither TGF-�1 nor
HGF significantly affected NRK-49F cell growth rate (Fig-
ure 2G). Collectively, these results indicate that HGF
elicits its anti-fibrotic actions by suppressing myofibro-
blastic activation of renal interstitial fibroblasts initiated by
profibrotic cytokine TGF-�1.

HGF Blocks Interstitial Matrix Accumulation and
Deposition

Myofibroblastic activation of renal interstitial fibroblasts
was accompanied with significant morphological trans-
formations. After incubation with TGF-�1 for 2 days, NRK-
49F cells became elongated in shape and displayed
activated myofibroblastic appearances under phase-
contrast microscope (Figure 3B). Incubation of NRK-49F
cells with HGF blocked this morphological transformation
(Figure 3D). Because actin cytoskeleton provides the
architectural basis for cell morphology, we examined the
alterations in actin structure during myofibroblastic acti-
vation induced by TGF-�1. As illustrated in Figure 3, E to
H, TGF-�1 induced actin reorganization in fibroblast
NRK-49F cells. The activated cells displayed abundant
stress fibers assembled by actin (Figure 3F). Consis-
tently, HGF primarily blocked actin reorganization in
NRK-49F cells triggered by TGF-�1 (Figure 3H). The
expression of vimentin was also studied by Western blot
analysis and immunostaining in NRK-49F cells after var-
ious treatments. Western blot showed that total vimentin
protein levels were not significantly altered after incuba-
tion of NRK-49F cells with TGF-�1, HGF, or both (data not
shown). However, TGF-�1 induced architectural reorga-
nization of cytoplasmic vimentin in NRK-49F cells to form
long intermediate filaments, resembling the overall mor-
phology of activated myofibroblasts (Figure 3J). HGF
also blocked the alteration in vimentin architecture in-
duced by TGF-�1 (Figure 3L).

We next examined the expression and extracellular
deposition of interstitial matrix components in activated
myofibroblast cells. As shown in Figure 4, NRK-49F cells
at basal conditions expressed trivial amount of collagen I.
However, after myofibroblastic activation by TGF-�1, the
NRK-49F cells became activated, principal matrix-pro-
ducing cells that expressed a striking amount of intersti-
tial collagen I. Immunofluorescence staining revealed a
remarkable amount of the assembled collagen I depos-

Figure 1. TGF-�1 induces de novo expression of �-SMA in renal interstitial
fibroblast NRK-49F cells. A: NRK-49F cells were incubated for 2 days without
(control) or with the same molar concentration (0.2 nmol/L) of various
cytokines. The cell lysates were immunoblotted with specific antibodies
against �-SMA and actin, respectively. B: Dose-dependent induction of
�-SMA expression by TGF-�1 in NRK-49F cells. The cells were incubated
with TGF-�1 at the specific concentrations as indicated for 2 days. The �-SMA
expression was detected by Western blot analysis.

624 Yang et al
AJP August 2003, Vol. 163, No. 2



ited in the extracellular compartment (Figure 4B). HGF by
itself did not affect collagen I expression in NRK-49F cells
(Figure 4C); nevertheless, it completely blocked the ex-
pression of collagen I induced by TGF-�1 (Figure 4D).
Thus, on activation by TGF-�1, renal interstitial fibroblast
cells are transformed into activated myofibroblasts that
produce large amounts of interstitial matrix; and HGF
completely blocks this process of myofibroblastic activa-
tion and its subsequent matrix accumulation and depo-
sition.

HGF Does Not Inhibit Smad-2/3
Phosphorylation and Their Association with
Smad-4, but Blocks Activated Smad’s Nuclear
Translocation

To elucidate the mechanism by which HGF blocks myo-
fibroblastic activation and interstitial matrix accumulation
induced by TGF-�1, we investigated the potential inhibi-
tion of TGF-�1 signaling by HGF in interstitial fibroblast
cells. It is well documented that TGF-�1, on binding to its
receptors, initiates phosphorylation of intermediate signal
molecules Smads.35,36 Thus, we examined the phosphor-
ylation and activation of Smad-2 by TGF-�1 in NRK-49F
cells by Western blot using phospho-specific Smad-2
antibody. Figure 5A shows the kinetics of Smad-2 activa-

tion after incubation with TGF-�1 in NRK-49F cells.
Smad-2 phosphorylation was detected as early as 10
minutes, reached the peak at 30 minutes, and sustained
to 3 hours after addition of TGF-�1 (Figure 5A). After 6
hours with TGF-�1 incubation, phosphorylated Smad-2
levels returned toward baseline. To investigate whether
HGF interferes with Smad-2 phosphorylation and activa-
tion triggered by TGF-�1, NRK-49F cells were pretreated
with HGF for 30 minutes before incubation with TGF-�1.
As shown in Figure 5B, HGF did not block TGF-�1-initi-
ated Smad-2 phosphorylation in renal interstitial fibro-
blast NRK-49F cells.

We further investigated the phosphorylation of Smad-2
and Smad-3 and their association with Smad-4 in NRK-
49F cells after TGF-�1 stimulation by co-immunoprecipi-
tation. As shown in Figure 5C, both Smad-2 and -3 were
phosphorylated after TGF-�1 treatment, as demonstrated
by the presence of phosphoserine-specific bands in the
complexes immunoprecipitated by anti-Smad-2/3 anti-
body. Of note, the predominant form of receptor-regu-
lated Smads (R-Smads) in NRK-49F cells was Smad-2
(Figure 5C). Co-immunoprecipitation also revealed that
the phosphorylated Smad-2/3 were physically associated
with Smad-4 after TGF-�1 stimulation in NRK-49F cells
(Figure 5C). However, pretreatment of HGF did not sig-
nificantly affect Smad-2/3 phosphorylation and their as-
sociation with Smad-4 (Figure 5C).

Figure 2. HGF abrogates the expression of �-SMA in renal interstitial fibroblast NRK-49F cells. A: Western blot analysis demonstrates that HGF blocked �-SMA
expression induced by TGF-�1 in a dose-dependent manner in NRK-49F cells. Cells were incubated with a fixed amount of TGF-�1 (2 ng/ml) and increasing
amounts of HGF as indicated for 2 days. The cell lysates were probed with antibodies against �-SMA and actin, respectively. B to E: Representative photographs
of the �-SMA visualized by indirect immunofluorescence staining in NRK-49F cells after various treatments for 2 days. B: Control; C: 2 ng/ml of TGF-�1; D: 40
ng/ml of HGF; E: TGF-�1 plus HGF. C: The �-SMA-positive microfilaments were evident in TGF-�1-treated cells. F: Graphic presentation of the percentage of
�-SMA-positive cells in various groups. *, P � 0.01 versus control; **, P � 0.05 versus TGF-�1 group (n � 3). G: Neither TGF-�1 nor HGF significantly affected
renal interstitial fibroblast cell growth. NRK-49F cells were treated with 2 ng/ml of TGF-�1, 40 ng/ml of HGF, or both in serum-free medium for 3 days. Cell numbers
were counted and presented as means � SE. No statistically significant difference in cell numbers was found in various groups (n � 3). Scale bar, 10 �m .
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Once phosphorylated and bound to Smad-4, Smad-
2/3 have to translocate into the nuclei to control the
transcription of their targeted genes.35 We examined
whether HGF interferes with this nuclear translocation
process of activated Smad-2/3 in renal interstitial fibro-
blast cells. To this end, cell nuclei were isolated after
various treatments and the nuclear accumulation of phos-
phorylated Smad-2 was analyzed by Western blot. As
demonstrated in Figure 6, abundant phosphorylated
Smad-2 accumulated in cell nuclei after incubating with
TGF-�1 for 30 minutes in NRK-49F cells. HGF treatment

alone did not induce nuclear accumulation of Smad-2;
however, pretreatment with HGF markedly attenuated
TGF-�1-mediated nuclear translocation of activated
Smad-2 (Figure 6, A and B). Consistent with the biochem-
ical analysis, immunostaining for Smad-2/3 proteins also
revealed that TGF-�1 induced Smad-2/3 nuclear translo-
cation in NRK-49F cells after incubation for 30 minutes
(Figure 6D) and that pretreatment with HGF prevented
TGF-�1-initiated Smad-2/3 nuclear translocation and ac-
cumulation (Figure 6F). These results indicate that al-
though HGF does not inhibit TGF-�1-initiated Smad-2/3
phosphorylation and their association with Smad-4, it
blocks Smad-2/3-mediated gene transcription primarily
by preventing activated Smad-2/3 nuclear translocation
and accumulation.

HGF Blockage of Smad-2/3 Nuclear
Translocation Is Dependent on Erk-MAP Kinase
Activation

To decipher the mechanism underlying HGF inhibition of
interstitial myofibroblastic activation, we examined the
signal pathway leading to the blockade of TGF-�1-initi-
ated Smad-2/3 nuclear translocation in NRK-49F cells. As
shown in Figure 7A, incubation of NRK-49F cells with
HGF, but not TGF-�1, induced a dramatic activation of
extracellular signal-regulated kinase-1 and -2 (Erk-1/2),
members of mitogen-activated protein (MAP) kinase fam-
ily, in NRK-49F cells. This activation was abolished by
PD98059, a specific inhibitor of Erk-1/2 upstream kinase
Mek1 (Figure 7B), but not by other kinase inhibitors such

Figure 3. HGF blocks TGF-�1-induced morphological transformation, F-actin, and vimentin reorganization in renal interstitial fibroblast NRK-49F cells. NRK-49F
cells were incubated without (control) (A, E, I) or with 2 ng/ml of TGF-�1 (B, F, J), 40 ng/ml of HGF (C, G, K), or both (D, H, L) for 2 days. A to D: TGF-�1
induced morphological transformation of NRK-49F cells into a myofibroblastic appearance (B). HGF blocked this transformation (D). E to L: Representative
micrographs of tetramethyl-rhodamine isothiocyanate-conjugated phalloidin staining (E–H) and vimentin staining (I–L) showing F-actin and vimentin reorga-
nization in NRK-49F cells induced by TGF-�1 (F, J). HGF primarily abolished TGF-�1-induced actin and vimentin reorganization (H, L). Scale bar, 20 �m.

Figure 4. HGF suppresses TGF-�1-induced collagen I expression and its
extracellular assembly in renal interstitial fibroblast NRK-49F cells. Immuno-
fluorescence staining shows the distribution and abundance of collagen I in
NRK-49F cells after various treatments. A: Control; B: 2 ng/ml of TGF-�1; C:
40 ng/ml of HGF; D: TGF-�1 plus HGF. B: TGF-�1 induced interstitial matrix
component collagen I expression and its extracellular assembly. D: HGF
abrogated TGF-�1-initiated collagen I expression and extracellular assembly.
Scale bar, 10 �m.
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as protein kinase A (PKA) or PKC inhibitors (data not
shown). To demonstrate whether Erk-1/2 activation is
responsible for blockade of Smad-2 nuclear transloca-
tion, we assessed the nuclear accumulation of phosphor-
ylated Smad-2 after pretreatment of NRK-49F cells with
PD98059 to block HGF-mediated Erk-1/2 signaling. As
shown in Figure 7, although HGF blocked TGF-�1-initi-
ated Smad-2 nuclear translocation, pretreatment of NRK-
49F cells with PD98059 abolished HGF’s action and re-
stored the nuclear accumulation of the phosphorylated
Smad-2 (Figure 7, C and G). Of note, PD98059 by itself
did not affect either basal or TGF-�1-induced Smad-2
nuclear accumulation (data not shown). Consistent with
this result, inhibition of HGF-mediated Erk-1/2 signaling
by PD98059 also primarily restored TGF-�1-induced

�-SMA expression in renal interstitial fibroblast NRK-49F
cells (Figure 7D), suggesting that Erk-1/2 activation is
required for HGF suppression of interstitial myofibroblas-
tic activation.

To further support this notion, we investigated the ef-
fects of Erk-1/2 activation elicited by other growth factors
such as EGF on Smad’s nuclear accumulation and
�-SMA expression. As presented in Figure 8, EGF in-
duced Erk-1/2 activation in renal interstitial fibroblast
NRK-49F cells (Figure 8A). Likewise, EGF also blocked
the nuclear accumulation of activated Smad-2/3 trig-
gered by TGF-�1 (Figure 8E); and inhibition of Erk-1/2 by
PD98059 restored TGF-�1-induced Smad-2/3 nuclear
translocation (Figure 8F). Similar to HGF, EGF sup-
pressed �-SMA expression and myofibroblastic activa-
tion of interstitial fibroblast NRK-49F cells (Figure 8G).

HGF Neither Affects Inhibitory Smad-6 and -7
Expression nor Modulates the Abundance of
Smad Transcriptional Co-Repressors

One potential pathway for HGF inhibition of Smad signal-
ing could be mediated by inducing inhibitory Smads
(Smad-6 and -7) expression, which in turn blocks TGF-�1
signaling.36–39 To address this issue, we examined the
effects of HGF on Smad-6, -7, and -2 expression in renal
interstitial fibroblast NRK-49F cells. As shown in Figure 9,
neither TGF-�1 nor HGF significantly affect Smad-6, -7,
and -2 protein expression in NRK-49F cells. Simultaneous
incubation of NRK-49F cells with both HGF and TGF-�1
also did not alter the abundance of these Smad proteins.
In addition, other agents also did not significantly modu-
late Smad-6, Smad-7, and Smad-2 protein expression in
interstitial fibroblast NRK-49F cells (Figure 9A).

We also explored the possibility whether HGF in-
creases the abundance of Smad transcriptional co-re-
pressors and thereby, inhibiting TGF-�1-initiated Smad
signaling. To this end, we examined the effects of HGF on
the protein levels of Smad transcriptional co-repressors
TGIF, c-Ski, and SnoN in NRK-49F cells. As shown in
Figure 10, the protein levels of TGIF, c-Ski, and SnoN
were very low in renal fibroblasts, comparing to HEK-293
cells. HGF apparently did not affect the abundance of
these Smad transcriptional co-repressors (Figure 10).

HGF Selectively Blocks Smad-2/3 Nuclear
Accumulation in Renal Interstitial Cells in the
Fibrotic Kidney

Earlier studies indicate that delivery of HGF gene in-
duced intrarenal Erk-1/2 phosphorylation and prevented
renal interstitial fibrosis in a mouse model of renal disease
caused by UUO.27 To investigate whether HGF blocks
Smad-2/3 nuclear accumulation in renal interstitial cells in
vivo, we examined the Smad-2/3 localization in the ob-
structed kidneys receiving either control pcDNA3 or
pCMV-HGF plasmids at 7 days after UUO. As shown in
Figure 11, in the obstructed kidney receiving empty vec-
tor pcDNA3, interstitial expansion was clearly evident

Figure 5. HGF neither inhibits TGF-�1-initiated Smad-2/3 phosphorylation
nor affects their association of Smad-4 in renal interstitial fibroblast NRK-49F
cells. A: Kinetics of Smad-2 phosphorylation and activation after TGF-�1
incubation in NRK-49F cells. Cells were treated with 2 ng/ml of TGF-�1 for
various periods of time as indicated. The cell lysates were probed with
antibodies against phospho-specific Smad-2 and total Smad-2, respectively.
B: HGF did not inhibit Smad-2 phosphorylation triggered by TGF-�1. Cells
were pretreated with 40 ng/ml of HGF for 30 minutes and followed by
incubation with 2 ng/ml of TGF-�1 for an additional 30 minutes. Activation
of Smad-2 was assessed by using phospho-specific Smad-2 antibody. C: HGF
does not affect Smad-2/3 phosphorylation and their association with Smad-4
induced by TGF-�1. NRK-49F cells were pretreated with 40 ng/ml of HGF for
30 minutes and followed by incubation with 2 ng/ml of TGF-�1 for an
additional 30 minutes. Cell lysates were immunoprecipitated with antibody
against Smad-2/3. The precipitated complexes were immunoblotted with
antibodies against Smad-4, phosphoserine, and Smad-2/3, respectively.
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with a widened space between renal tubules. The major-
ity of the interstitial cells exhibited a positive nuclear
staining for Smad-2/3 (Figure 11, A and C). However, in
the kidney receiving pCMV-HGF plasmid injection, much
less interstitial expansion was observed at 7 days after
ureteral obstruction. More importantly, most interstitial

cells displayed no or little Smad-2/3 accumulation in their
nuclei (Figure 11, B and D), suggesting HGF specifically
blocks Smad-2/3 nuclear accumulation in the interstitial
cells in vivo. Figure 11E shows the percentages of Smad-
2/3-positive nuclei in the interstitium of the kidneys receiv-
ing either pcDNA3 or pCMV-HGF plasmids. Of note, HGF

Figure 6. HGF blocks activated Smad-2 nuclear translocation and accumulation in renal interstitial fibroblast NRK-49F cells. A: Representative Western blot
demonstrates that HGF attenuated nuclear accumulation of activated Smad-2 triggered by TGF-�1. Cell nuclei were isolated from NRK-49F cells after various
treatments as indicated and nuclear accumulation of phospho-Smad-2 was examined by Western blot. The samples were also probed with ubiquitous transcription
factor Sp1 for normalization of nuclear proteins. B: Graphic presentation of the relative abundance of nuclear phospho-Smad-2 protein normalized to Sp1 after
various treatments. Data are presented as mean � SE of three independent experiments. *, P � 0.01 versus control. †, P � 0.01 versus TGF-�1. C to F:
Representative micrographs show the cellular localization of Smad-2/3 by indirect immunofluorescence staining in NRK-49F cells after various treatments for 45
minutes. C: Control; D: 2 ng/ml of TGF-�1; E: 40 ng/ml of HGF; F: TGF-�1 plus HGF. D: Smad-2/3 nuclear accumulation was clearly evident in TGF-�1-treated
cells. F: Pretreatment of NRK-49F cells with HGF for 30 minutes prevented Smad-2/3 nuclear translocation initiated by TGF-�1. Scale bar, 10 �m.

Figure 7. HGF blockade of Smad-2 nuclear translocation is dependent on mitogen-activated protein (MAP) kinase activation. A: HGF induced Erk-MAP kinase
activation in renal interstitial fibroblast NRK-49F cells. Cells were treated with either 2 ng/ml of TGF-�1 or 40 ng/ml of HGF for various periods of time as indicated.
Cell lysates were probed with antibodies against phospho-specific Erk-1/2 and total Erk1/2, respectively. B: Erk-1/2 phosphorylation triggered by HGF was
completely abolished by preincubating with Mek1 inhibitor. Cells were treated with Mek1 inhibitor PD98059 (10 �mol/L) or vehicle (DMSO) for 30 minutes,
followed by incubation with 40 ng/ml of HGF for an additional 30 minutes. C: Inhibition of Erk-1/2 phosphorylation restored phospho-Smad-2 nuclear
translocation. NRK-49F cells were pretreated with PD98059 (10 �mol/L) for 30 minutes, followed by incubating with 2 ng/ml of TGF-�1, and 40 ng/ml of HGF
for an additional 30 minutes. Cell nuclei were isolated from NRK-49F cells after various treatments as indicated and nuclear accumulation of activated Smad-2 was
examined by using phospho-specific Smad-2 antibody. The samples were also probed with nuclear protein Sp1. D to G: Representative photographs show the
cellular localization of Smad-2/3 in NRK-49F cells after various treatments for 30 minutes. D: Control; E: 2 ng/ml of TGF-�1; F: 2 ng/ml of TGF-�1 plus 40 ng/ml
of HGF; G: 10 �mol/L PD98059 plus TGF-�1 and HGF. H: Inhibition of Erk-1/2 phosphorylation abolished HGF inhibition of �-SMA expression triggered by
TGF-�1 in renal fibroblasts. The �-SMA expression was examined in NRK-49F cells after various treatments for 16 hours as indicated. Scale bar, 10 �m.
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did not significantly affect Smad-2/3 nuclear accumula-
tion in the tubular epithelial cells. This suggests that HGF
blocks Smad-2/3 nuclear translocation in the interstitium
of the fibrotic kidneys in a cell-type-specific manner.

Discussion

The present study was undertaken to address two spe-
cific issues, ie, whether HGF suppresses TGF-�1-medi-
ated renal interstitial myofibroblastic activation from qui-
escent fibroblasts, and if so, how HGF antagonizes the
profibrotic action of TGF-�1 in fibroblasts. Using rat renal
interstitial fibroblast NRK-49F cells as a model system,

Figure 10. HGF does not increase the protein levels of Smad transcriptional
co-repressors in renal interstitial fibroblasts. NRK-49F cells were treated with
40 ng/ml of HGF for various periods of time as indicated. Whole-cell lysates
were immunoblotted with specific antibodies against c-Ski, SnoN, TGIF, and
actin, respectively. Human embryonic kidney 293 (HEK-293) cell lysate was
loaded on an adjacent lane to serve as a positive control for co-repressor
expression.

Figure 11. HGF selectively blocks Smad-2/3 nuclear accumulation in renal
interstitial cells in obstructive nephropathy. A to D: Representative micro-
graphs show Smad-2/3 nuclear accumulation in the fibrotic kidneys induced
by UUO. Cryosections of the obstructed kidneys from mice receiving either
empty pcDNA3 plasmid (A, C) or pCMV-HGF plasmid (B, D) were stained
for Smad-2/3 (red) and proximal tubules with fluorescein-conjugate lectin
from T. purpureas (green), and cell nuclei with 4�,6-diamidino-2-phenylin-
dole (blue). Tubular compartments were depicted by broken lines along
renal tubules. Smad-2/3-positive nuclei were counted in the widened inter-
stitium and expressed as percentages of Smad-2/3-positive nuclei (red) per
total nuclei (blue). Arrowheads indicate the corresponding cell nuclei either
positive (A, C) or negative (B, D) for Smad-2/3 in renal interstitium. E:
Graphical presentation of the percentage of Smad-2/3-positive cell nuclei in
the interstitial areas of the obstructed kidneys. Data were presented as
mean � SE from five animals per group. *, P � 0.01 versus pcDNA3 group.

Figure 8. Erk-1/2 activation by EGF also blocks Smad-2 nuclear transloca-
tion and �-SMA expression induced by TGF-�1 in renal interstitial fibroblasts.
A: EGF induced Erk-1/2 phosphorylation and activation in renal interstitial
fibroblasts. NRK-49F cells were treated with 2 ng/ml of TGF-�1 and 40 ng/ml
of EGF for 30 minutes and Erk-1/2 activation was detected by using phospho-
specific Erk1/2 antibody. Pretreatment of NRK-49F cells with PD98059 (10
�mol/L) abolished EGF-induced Erk1/2 phosphorylation. B: EGF blocked
Smad-2 nuclear translocation in an Erk-1/2-dependent manner. Pretreatment
of NRK-49F cells with 10 �mol/L of PD98059 restored Smad-2 nuclear
translocation. Cells were pretreated with 10 �mol/L of PD98059 for 30
minutes, followed by incubation with 2 ng/ml of TGF-�1 or/and 40 ng/ml of
EGF for an additional 30 minutes. Cell lysates were probed with phospho-
Smad-2 and Sp1, respectively. C to F: Immunofluorescence staining shows
the cellular localization of Smad-2/3 in NRK-49F cells after various treatments
for 30 minutes. C: Control; D: 2 ng/ml of TGF-�1; E: 2 ng/ml of TGF-�1 plus
40 ng/ml of EGF; F: 10 �mol/L of PD98059 plus TGF-�1 and EGF. G: EGF
blocked TGF-�1-initiated �-SMA expression in renal interstitial fibroblast
NRK-49F cells. The �-SMA expression was examined in NRK-49F cells after
various treatments for 16 hours as indicated. Scale bar, 10 �m.

Figure 9. HGF does not affect Smad-2 and inhibitory Smad-6 and -7 expres-
sion in renal interstitial fibroblast NRK-49F cells. A: NRK-49F cells were
incubated with the same molar concentration (0.2 nmol/L) of various cyto-
kines for 2 days and the cell lysates were probed with antibodies against
Smad-2, Smad-7, Smad-6, and actin, respectively. B: NRK-49F cells were
treated without or with 2 ng/ml of TGF-�1, 40 ng/ml of HGF, or both for 2
days as indicated. The protein levels of Smad-2, Smad-7, Smad-6, and actin
were examined by Western blot analysis.
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we have demonstrated that HGF efficiently blocks myofibro-
blastic activation from interstitial fibroblast cells triggered by
TGF-�1. This action of HGF is neither dependent on a
potential interruption of Smad-2/3 phosphorylation and their
association with Smad-4, nor results from alterations in in-
hibitory Smad-6 and -7 expression or in cellular abundance
of Smad transcriptional co-repressors. Rather, HGF elicits
its action by attenuating nuclear translocation and accumu-
lation of the activated Smad-2/3. This, in turn, is dependent
on Erk-1/2 activation initiated by HGF in renal interstitial
fibroblast cells. Hence, HGF suppression of renal interstitial
myofibroblastic activation is associated with the interception
of Smad signaling, which results in a disruption of profibrotic
TGF-�1 signal transduction. Our findings provide significant
insights into understanding the mechanism by which HGF
counteracts the profibrotic actions of TGF-�1.

In response to tissue injury, renal interstitial fibroblasts
undergo an activation process to become �-SMA-posi-
tive myofibroblast cells. Profibrotic TGF-�1 is the prime
stimulator of this phenotypic activation, as shown herein
and in previous studies.40 These observations under-
score the vital importance of TGF-�1 in initiating myofi-
broblastic activation from interstitial fibroblast cells. In
accordance with this, up-regulation of TGF-�1 expres-
sion is found in most, if not all, forms of chronic renal
fibrotic diseases in animal models and in patients, which
often precedes interstitial myofibroblast activation and
matrix accumulation.13,19 TGF-�1 not only induces myo-
fibroblastic activation from interstitial quiescent fibro-
blasts, but also initiates myofibroblastic transdifferentia-
tion from tubular epithelial cells at the advanced stage of
chronic renal diseases.41–43 HGF has been previously
demonstrated to block myofibroblastic transdifferentia-
tion from tubular epithelial cells. Together with the
present study, these results indicate that HGF can com-
pletely prevent renal myofibroblastic activation in the dis-
eased kidney, regardless of the potential sources:
whether from interstitial fibroblasts or tubular epithelia.
These observations highlight the effectiveness and effi-
cacy of HGF as a potential therapeutic agent for inhibiting
myofibroblast accumulation and interstitial fibrogenesis
in the diseased kidneys.

HGF blockade of myofibroblastic activation from inter-
stitial fibroblast cells is likely mediated by antagonizing
TGF-�1 signaling. TGF-�1, on binding to its type II and
type I receptors that contains a cytoplasmic serine/thre-
onine kinase domain, initiates a cascade of signaling
transduction events involving intermediate mediator
Smad proteins.35,36 There are three classes of Smads:
the receptor-regulated Smads (R-Smads), the common
Smad (Co-Smad), and the inhibitory Smads (I-Smads),
each of which have distinct functions.44,45 Earlier studies
reveal that TGF-�1 specifically initiates Smad-2 and -3
phosphorylation, which in turn bind to Co-Smad-4 and
translocate into the nuclei, where they control the tran-
scription of TGF-�1-responsive genes.35,46,47 Thus, dis-
ruption of any steps in this cascade of signal transduction
processes may potentially lead to interception of TGF-�1
signaling that results in blockage of myofibroblastic acti-
vation. In addition, induction of inhibitory Smad proteins
could lead to suppression of R-Smad signaling by com-

petitively binding to TGF-� receptors.37,38,48 However,
the fact that HGF does not significantly affect I-Smads
(Smad-6 and -7) expression (Figure 9), R-Smads
(Smad-2 and -3) phosphorylation (Figure 5), and Co-
Smad (Smad-4) association with R-Smads (Figure 5C)
underscores that it suppresses myofibroblastic activation
by a mechanism independent of these signaling events.
Thus, blockage of activated R-Smad’s nuclear transloca-
tion and accumulation (Figure 6) plays a decisive role in
mediating HGF inhibition of Smad signaling. Such inter-
cepting action by HGF in the Smad-signaling circuit will
undoubtedly attenuate the availability of activated
R-Smads for directing gene transcription necessary for
myofibroblastic activation. This view is further strength-
ened by a previous report demonstrating a similar mech-
anism for blocking TGF-�1 signaling by oncogenic Ras
and EGF receptor in another cell type.49

Because phosphorylated Smads assemble complexes
with transcriptional co-activators or co-repressors, cellu-
lar co-repressors abundance likely dictates the outcome
of a TGF-� response.46,47 Three Smad transcriptional
co-repressors, namely TGIF, c-Ski, and SnoN, have been
found; and they exhibit both histone deacetylase-depen-
dent and -independent transcriptional repression to the
Smad complex.50–52 Recent studies demonstrate that
EGF signaling via the Ras-Mek pathway triggers the
phosphorylation of TGIF, which leads to TGIF stabilization
and favors the formation of Smad-2-TGIF co-repressor
complexes in response to TGF-� in human keratinocyte
HaCaT cells.47 However, no significant alterations in cel-
lular abundance of Smad transcriptional co-repressors
TGIF, c-Ski, and SnoN by HGF was found in NRK-49F
fibroblast cells in the present study (Figure 10), suggest-
ing that cellular context may play an important role in
dictating an appropriate signaling route.

Blockade of Smad nuclear translocation by HGF is
primarily dependent on Erk-MAP kinase activation in re-
nal interstitial fibroblast cells (Figure 7). This is consistent
with a previous observation that activated Erk directly
phosphorylates Smad-2/3 in the linker region between
the DNA-binding domain (MH1) and the receptor-inter-
action/transcriptional domain (MH2). Such Erk-mediated
phosphorylation in the linker region of Smad-2/3 has
been shown to prevent their nuclear translocation in
Mv1Lu mink lung epithelial cells.49 The potential of Erk-
1/2 activation for inhibition of Smad signaling suggests
that other growth factors may be active in blocking myo-
fibroblastic activation, in light of their ability in inducing
Erk-1/2 activation. Indeed, this speculation was con-
firmed by the observations that receptor tyrosine kinases
activated by EGF significantly blocked myofibroblastic
activation from interstitial fibroblasts (Figure 8). It is of
interest to note that earlier studies have demonstrated
that administration of either EGF or insulin-like growth
factor-I also attenuated renal interstitial fibrosis in ob-
structive nephropathy.53,54 However, controversy exists
regarding the role of EGF in renal fibrogenesis. For in-
stance, contradicting to a beneficial role of exogenous
EGF in obstructive nephropathy in neonatal rats, trans-
genic mice overexpressing dominant-negative EGF re-
ceptor manifested an attenuated interstitial fibrosis after
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renal injury, suggesting that functional inactivation of EGF
receptor in proximal tubular epithelial cells reduces the
progression of chronic renal failure.55 In accordance with
this, EGF has also been shown to synergistically act with
TGF-�1 to promote tubular epithelial to mesenchymal
transition.41 Therefore, it appears clear that while EGF
blocks myofibroblastic activation from interstitial fibro-
blasts (Figure 8), it actually promotes myofibroblastic
transdifferentiation from tubular epithelial cells. This may
help to reconcile the discrepancy regarding the role of
EGF in renal interstitial fibrogenesis.

The anti-fibrotic potential of HGF has recently been
tested in numerous animal models of chronic renal dis-
eases.23–27 However, much attention in earlier studies is
understandably directed to the tubular epithelial
cells,23,56 where the HGF receptor is robustly ex-
pressed.28,29 The novelty of this study is the demonstra-
tion of HGF blockade of renal myofibroblastic activation
from interstitial fibroblasts, a key event in interstitial fibro-
genesis. Perhaps less recognized, renal interstitial fibro-
blasts express c-met receptor and respond to HGF stim-
ulation.33 Hence, HGF may have much broader
implications in renal structure and functions than previ-
ously thought. The observation that HGF prevents both
myofibroblastic activation from interstitial fibroblasts and
myofibroblastic transdifferentiation from tubular epithelial
cells reinforces the therapeutic efficacy of HGF in chronic
interstitial fibrotic diseases.

Our study also provides evidence for a selective block-
ade of Smad nuclear accumulation by HGF in renal in-
terstitial cells of the fibrotic kidneys in vivo (Figure 11).
Earlier studies have showed a marked activation of Erk-
1/2 in the obstructed kidney after delivery of HGF plas-
mid,27 which is consistent with a role for Erk-1/2 activation
in blocking Smad nuclear translocation. Although the
identity of the cells in the expanded interstitium remain
elusive, it is reasonable to assume that a majority of the
interstitial cells in the fibrotic kidneys are likely to be
activated myofibroblasts, because myofibroblasts pre-
dominate in the interstitium at 7 days after obstructive
injury.57 Hence, our in vivo data virtually recapitulate in
vitro cell signaling events and suggest that HGF specifi-
cally suppresses interstitial myofibroblast activation by
blocking Smad nuclear accumulation in vivo as well. Of
interest, HGF does not block Smad nuclear translocation
in tubular epithelia, implying that its inhibition of Smad
nuclear accumulation is cell type-dependent. Because
HGF is able to block TGF-�1-induced myofibroblastic
transformation from tubular epithelia,23 further studies are
warranted to dissect the signaling pathways by which
HGF antagonizes TGF-�1 action in tubular epithelial cells
both in vitro and in vivo.

The interruption of TGF-�1 signaling by HGF sheds
new lights on the mechanism for its therapeutic potential
for chronic renal fibrosis. These results uncover a path-
way that HGF blocks TGF-�1 actions primarily via a
mechanism independent of modulation of TGF-�1 ex-
pression and/or activation. Rather, HGF intercepts the
pathogenic signaling triggered by TGF-�1 in a MAP ki-
nase-dependent manner. This type of signal transduction
therapy specifically targets the hyperactive TGF-�1 path-

ways that cause myofibroblastic activation and interstitial
fibrogenesis in the first place. In view of its ability in
blocking matrix-producing myofibroblasts from various
origins, either from interstitial fibroblasts or tubular epi-
thelial cells, HGF may have the real potential to block the
onset and progression of chronic interstitial fibrosis and
renal insufficiency.
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